14 efficiencies that approach theoretical limits 1-3 . Corals are characterized by an elastic animal tissue hosting microalgae and a light scattering calcium carbonate skeleton that 16 maximizes light delivery towards otherwise shaded algal-containing tissues 4,5 . Rapid light attenuation due to algal self-shading is a key limiting factor for the upscaling of microalgal 18 cultivation 6,7 . Coral-inspired light management systems could overcome this limitation and facilitate scalable bioenergy and bioproduct generation 8,9 . Here, we developed 3D printed 20 bionic corals capable of growing various types of microalgae with cell densities approaching 10 9 cells mL -1 , up to 100 times greater than in liquid culture. The hybrid 22 photosynthetic biomaterials are produced with a new 3D bioprinting platform which mimics morphological features of living coral tissue and the underlying skeleton with 24 micron resolution, including their optical and mechanical properties. The programmable synthetic microenvironment thus allows for replicating both structural and functional 26 traits of the coral-algal symbiosis. Our work defines a new class of bionic materials capable of interacting with living organisms, that can be exploited for the design of next 28 generation photobioreactors 7 and disruptive approaches for coral reef conservation 10 . 2
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were mixed with a photopolymerizable gelatin-methacrylate (GelMA) hydrogel and cellulosederived nanocrystals (CNC), the latter providing mechanical stability and allowed tuning of the 50 tissue scattering properties 14, 15 . Similarly, the artificial skeleton was 3D printed with a polyethylene glycol diacrylate-based polymer (PEGDA) 16 doped with CNC. 52 Based on optimization via experiments and optical simulations (Fig. 2) , the functional unit of the artificial skeleton was an abiotic cup structure, shaped like the inorganic calcium 54 carbonate corallite (1 mm in diameter and depth) and tuned to redistribute photons via broadband diffuse light scattering (scattering mean free path = 3 mm between 450-650 nm) and a near 56 isotropic angular distribution of scattered light (Fig. 2h , Extended data Fig. 2 ), similar to the optical properties of the skeleton of fast growing intact corals 5,12 . The coral-inspired tissue had 58 cylinder-like constructs (200 µm wide and 1mm long) radially arranged along the periphery of the corallites mimicking coral tentacles, which serve to enhance surface area exposed to light 17 3 ( Fig. 2a ). We designed the bionic coral tissue to have a forward scattering cone ( Fig. 2h ), which enabled light to reach the diffusely backscattering skeleton ( Fig. 2a ). 62 Our bionic coral increased the photon residence time as light travelled through the algal culture ( Fig. 2e) , consequently enhancing the chance of light absorption for photosynthesis by 64 algae deeper within it 13 . As photons travelled through the bionic skeletal cup, they were redirected into the photosynthetic tissue and the contribution of such scattered light increased 66 with depth, effectively delivering light to the deepest part of the bionic coral (Fig. 2i ). This photon augmentation strategy led to a steady increase of irradiance with tissue depth, which 68 counter balanced the exponential light attenuation by photopigment absorption (Fig. 2g) 18 .
Compared to a flat slab of biopolymer (GelMA) with the same microalgal density (5.0 x 10 6 cells 70 mL -1 ), the fluence rate (for 600 nm light) measured in the photosynthetic layer of the bionic coral was more than 1.5-fold enhanced at 750 µm depth ( Fig. 2i,j) . 72 In order to evaluate the growth of a commercially-relevant microalgal species in our bionic coral, we cultured the green alga Marinichlorella kaistiae KAS603 19 ( Fig. 3a-d, Methods) . 74 Although the main focus of our bionic coral design was to improve light management, it also allows for growing microalgae without the need for energy-intensive turbulent flow and mixing, 76 which is otherwise required for optimal nutrient and light delivery in photobioreactors 6 . This is accomplished by the combination of the bionic tissue and skeleton replica morphology, the tissue 78 mechanical properties (average Young's modulus, E = 4.3 kPa, Extended Data Fig. 4 ) and its porosity (pore size diameter = 5-40 µm) (Methods). We grew M. kaistiae KAS603 under no-flow 80 conditions and low incident irradiance (Ed = 80 µmol photons m -2 s -1 ) in our bionic coral, where it reached algal cell densities of >8 x10 8 cells mL -1 by day 12 (Fig. 3a) . This is about one order 82 of magnitude higher than the maximal cell densities reported for this algal species when grown in flasks under continuous stirring 19 . Despite such high algal cell densities, irradiance did not 84 limit growth at depth, and about 80% of the incident irradiance remained at 1 mm depth within the bionic coral tissue construct (Fig. 3b ). In comparison, biofilm-based photobioreactors show 86 exponential light attenuation characterized by a virtual depletion of irradiance within 200-300 µm of the biofilm thickness 20 . We observed that M. kaistiae KAS603 grew in the bionic tissue as 88 dense aggregates (sphericity 0.75 ± 0.09 SD, diameter = 30-50 µm; Fig. 4a-d ). Algal photosynthesis within the tissue construct yielded a net photosynthetic O2 production of 0.25 90 nmol O2 cm -2 s -1 at the polyp tissue surface (Fig. 3c ). Gross photosynthesis within 8-day old bionic coral polyps was enhanced at a depth of 300 µm compared to gross photosynthesis rates 92 measured at the surface of the bionic coral tissue ( Fig. 3d ).
Bionic corals enable microalgal cultivation with strongly reduced energy maintenance 94 requirements, as they do not require water mixing and the fluence rate within the biomaterial is up to two-fold enhanced relative to the incident light source (Methods, Fig. 2i ,j). The light 96 redistribution in the bionic corals can be controlled by adjusting the concentration and dimensions of the CNCs in the biopolymer (Extended Data Fig. 2 ). This approach allows the 98 design of various coral host mimics (Extended Data Fig. 1 ) accommodating algal strains with different photon requirements for optimal productivity 21 . Compared to commercial outdoor 100 raceway ponds that achieve an aerial productivity of ~4-20 g m -2 day -1(21,22) , our bionic corals, if scaled appropriately, would use up to 150 times lower volume and achieve approximately 2.55 g 102 m -2 day -1 (Methods). The high spatial efficiency of the bionic coral system is therefore particularly suitable for the design of compact photobioreactors for algal growth in dense urban 104 areas or as life support systems for space travel 18,23 . Moreover, bionic corals allow investigation of the cellular activity of specific Symbiodinium strains, while mimicking the natural optical and 106 mechanical microenvironment of different corals, providing an invaluable tool for advancing the frontiers of animal-algal symbiosis and coral bleaching research. We therefore anticipate that 108 bionic corals will find multidisciplinary applications from biological studies to commercial technologies for efficient photon augmentation for bioenergy and bioproducts.
propagation reveals highly scattering coral tissue. Front. Plant Sci. 7, 1404 (2016).
5.
Enríquez for bioprinting 24 . If the generated stl files showed holes in the surface mesh, these holes were manually filled using Meshlab (Meshlab 2016).
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Algal-biopolymer design optimization
Key characteristics to achieve in material design were 1) high microalgal cell viability 278 and growth, 2) microscale printing resolution, and 3) optimization of light scattering and biomechanical parameters including material stiffness, porosity and molecular diffusion. The 280 photo-induced, free radical polymerization mechanism underlying our 3D printing technique allowed us to precisely control the mechanical properties via modulating the crosslinking density in GelMA compared to PEGDA (data not shown), probably due to favorable diffusion 290 characteristics of GelMA because of its highly porous microstructure 25 , while PEGDA has stronger mechanical stiffness. Therefore, we combined PEGDA with GelMA to make a 292 mechanically robust and tunable hydrogel. GelMA was initially doped with graphene oxide, which enhanced mechanical stability but limited light penetration and cell growth. We developed 294 a photopolymerization system using 405 nm light to avoid UV damage to the algae.
To optimize light scattering, we first mixed the hydrogel with different concentrations of 296 SiO2 particles (Sigma-Aldrich, USA) that were in a size range (about 10 µm) to induce broadband white light scattering with high scattering efficiency. However, when mixed into the 298 hydrogels, the SiO2 particle showed a vertical concentration gradient related to the particle sinking speed in the gel. Instead, we used cellulose nanocrystals (CNCs), which exhibit suitable 300 light scattering, mechanical properties and low mass density 26 . CNCs can be considered as rodshaped colloidal particles (typical length of 150 nm and a width of a few nm in diameter), which 302 have high refractive index (about 1.55 in the visible range). CNCs have received an increasing interest in photonics, due to their colloidal behaviour and their ability to self-assemble into 304 cholesteric optical films 26 . In the 3D bioprinted coral skeleton samples that contain 7% CNCs (w/v), we found that CNCs aggregated to form microparticles with a size range of 1-10 µm.
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These aggregated microparticles are highly efficient white light scatterers (Extended Data Fig.   2a ). In contrast, the 3D bioprinted bionic coral tissue constructs contained only 0.1% CNCs 308 (w/v), and we did not observe any aggregated CNC microparticles. CNC suspensions were prepared as described previously 26 . The photoinitiator lithium 328 phenyl-2,4,6 trimethylbenzoylphosphinate (LAP) was synthesized as described previously 29 .
Freeze dried LAP was dissolved with ASW, and CNC was dispersed in the LAP solution via 330 vortexing for about 5 min.
Continuous multilayer 3D bioprinting of bionic coral
332
The bionic coral design was developed as an optimization between algal growth rates, optical performance and the outcome of optical models (Fig. 2, Extended Data Figure 2 synchronized with the projected digital mask to create smooth 3D constructs that are rapidly 342 fabricated without interfacial artifacts. To print the bionic coral, a 2-step printing approach was developed. In the first step, the PEGDA bio-ink was used to print the coral inspired skeleton. The 344 resulting hydrogel was attached to a glass slide surface, washed with DI water and then dried with an air gun. In the second step, the algal cell-containing bio-ink for tissue printing was then 346 injected with a pipette into the skeletal cavities in order to fill the air gaps. The gap-filled skeletal print was repositioned at the identical spot on the bioprinter, and the bionic coral tissue mask was loaded. The z-stage was moved such that the surface of the skeletal print touched the glass surface of the bioprinter. Such degradation kinetics can be advantageous for more easy harvesting of the highly 372 concentrated microalgae that are contained within the hard PEGDA-based skeleton.
Optical characterization of bionic coral
374
The angular distribution of transmitted light was measured using an optical goniometer 31 .
The samples were illuminated using a Xenon lamp (Ocean Optics, HPX-2000) coupled into an 376 optical fiber (Thorlabs FC-UV100-2-SR). The illumination angle was fixed at normal incidence and the angular distribution of intensity was acquired by rotating the detector arm with an 378 angular resolution of 1°. To detect the signal, a 600 µm core optical glass fiber (Thorlabs FC-optical properties, the total transmitted light was measured for different sample thicknesses using an integrating sphere 31 . The samples were illuminated by a Xenon lamp (Ocean Optics, HPX-382 2000) coupled into an optical fiber (Thorlabs FC-UV100-2-SR), and the transmitted light was collected with an integrating sphere (Labsphere Inc.) connected to a spectrometer (Avantes 384 HS2048). In the case of the skeleton-inspired samples, where the light is scattered multiple times before being transmitted, the light transport can be described by the so-called diffusion 386 approximation 32 . In this regime, the analytical expression, which describes how the total transmission (T) scales with the thickness (L) for a slab geometry, is given as 32 :
388
(1) 390 where la, lt and ze are the absorption length, the transport mean free path and the 392 extrapolation length, respectively 33 . Here, ze quantifies the effect of internal reflections at the interfaces of the sample in the estimation of la and lt 33 . We quantified ze by measuring the angular 394 distribution of transmitted light 31 , P(µ), which is related to ze by the following equation 34 :
(2) 396 where µ is the cosine of the transmission angle with respect to the incident ballistic beam. The theoretical fit is shown in Figure S2C and led to a value of ze = (1.32±0.12). Once the 398 extrapolation length was estimated, the values of la and lt could be calculated with Eq. (1) (Extended Data Figure 2d ,e). This was done with an iteration procedure to check the stability of 400 the fit, as described previously 35 . In the bionic coral tissue, the scattering strength of the material is too low and the diffusion approximation cannot be applied. In this regime, the extinction 402 coefficient can be estimated using the Beer-Lambert law (Extended Data Figure 2f from the linear region of the stress-strain curve 27 . Three samples were tested, and each sample was compressed three times.
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Cell counts and productivity estimates
Cell density was determined at the beginning of the experiment (day 0) and then at day 3, 436 day 6, day 10 and day 12 of the growth experiments. To determine cell density, the construct was removed from the growth medium, and any remaining solution attached to the construct was 438 removed with a Kimwipe. Each construct was transferred to a 1.5 mL microfuge tube and the hydrogel was dissolved via adding 600 µL trypsin solution (0.25% Trypsin/EDTA) under 440 incubation at 37 ºC for 40 min. This procedure removed the microalgal cells from the matrix allowing for cell counting via a haemocytometer 24 . The accuracy of this approach was verified 442 by printing known cell densities (from liquid culture) and comparing it to the trypsin-based estimates yielding a deviation of < 3%. To additionally compare our cell density estimates with 444 ash free dry weight (AFDW) of algal cell biomass [g], which is a commonly used metric in biofuels research, we determined AFDW using methods described previously 39 . AFDW was on 446 average 3.47 x 10 -11 g cell -1 (± 4.6 x 10 -13 SE). The maximal growth rate was obtained from readings of Day10 and Day12, yielding 1.47 x 10 11 cells L -1 day -1 or 5.1 g L -1 day -1 . The aerial 448 productivity was extrapolated to g m -2 day -1 by accounting for the area occupied by one bionic coral (6mm in length and width) and the measured productivity per bionic coral. Raceway ponds 450 typically have a depth of 20-30 cm compared to 2 mm thickness in our system 21,22 .
O2 microsensor measurements
452
Clark-type O2 microsensors (tip size =25 µm, response time < 0.2 s; OX-25 FAST, Unisense, Aarhus, Denmark) were used to characterize photosynthetic performance of the bionic 454 corals. Net photosynthesis was measured via linear O2 profiles measured with O2 microsensors from the surface into the overlying diffusive boundary layer 2 . The sensors were operated via a 456 motorized micromanipulator (Pyroscience, Germany). The diffusive O2 flux was calculated via Fick's first law of diffusion for a water temperature = 25ºC and salinity = 30 using a molecular 458 diffusion coefficient for O2 = 2.255 x 10 -5 cm 2 s -1(2) . Gross photosynthesis was estimated via the light-dark shift method 41 . A flow chamber set-up provided slow laminar flow (flow rate = 0.5 cm 460 s -1 ) and a fiber-optic halogen lamp (Schott KL2500, Schott, Germany) provided white light at defined levels of incident irradiance (400-700 nm) (0, 110, 220, and 1200 µmol photons m -2 s -1 ) 2 .
462
Photosynthesis-irradiance curves were fitted to an exponential function 42 .
The fluence rate (= scalar irradiance), E0, within the bionic coral was measured using fiber-optic scalar irradiance microsensors with a tip size of 60-80 µm and an isotropic angular 466 response to incident light of ±5% (Zenzor, Denmark). Fluence rate measurements were performed through the tissue at a vertical step size of 100 µm using an automated microsensor 
